Adenovirus (Ad) replication compartments (RC) are nuclear microenvironments where the viral genome is replicated and a coordinated program of late gene expression is established. These virus-induced nuclear sites seem to behave as central hubs for the regulation of virus-host cell interactions, since proteins that promote efficient viral replication as well as factors that participate in the antiviral response are coopted and concentrated there. To gain further insight into the activities of viral RC, here we report, for the first time, the morphology, composition, and activities of RC isolated from Ad-infected cells. Morphological analyses of isolated RC particles by superresolution microscopy showed that they were indistinguishable from RC within infected cells and that they displayed a dynamic compartmentalization. Furthermore, the RC-containing fractions (RCf) proved to be functional, as they directed de novo synthesis of viral DNA and RNA as well as RNA splicing, activities that are associated with RC in vivo. A detailed analysis of the production of viral late mRNA from RCf at different times postinfection revealed that viral mRNA splicing occurs in RC and that the synthesis, posttranscriptional processing, and release from RC to the nucleoplasm of individual viral late transcripts are spatiotemporally separate events. The results presented here demonstrate that RCf are a powerful system for detailed study into RC structure, composition, and activities and, as a result, the determination of the molecular mechanisms that induce the formation of these viral sites of adenoviruses and other nuclear-replicating viruses.
V
iruses have evolved mechanisms that reorganize and reprogram the infected cell to promote efficient viral replication. However, the molecular mechanisms that harness cellular components in order to establish a productive viral replication cycle are not fully understood. A strategy that seems to be common for all viruses involves the formation of specialized cellular microenvironments where cellular and viral macromolecules are recruited. These have been termed virus factories, viroplasms, or replication centers or compartments (RC). Replication compartments are the sites where viral genome replication and expression occur, and in some cases these virus-induced structures are associated or juxtaposed with sites of virion assembly. Through this strategy, viruses not only promote the progression of a productive replication cycle but also concomitantly coopt cellular factors and counteract a variety of antiviral responses (1) (2) (3) .
The majority of studies designed to explore the activities associated with viral RC have been made with cytoplasmic viruses, most of them positive-strand RNA viruses or the nucleocytoplasmic large DNA viruses (2) (3) (4) (5) (6) . Most of these viral RC are associated with cell membranes, and their cytoplasmic localization has, to a great extent, facilitated their study (7) (8) (9) , making their detailed morphological and biochemical characterization, as well as their functional analysis, possible (10) (11) (12) (13) (14) (15) .
In the case of DNA viruses that replicate in the nucleus, the formation of RC does not seem to require membranous structures. Rather, nuclear RC are formed in association with or adjacent to defined nuclear domains, such as the promyelocytic leu-kemia protein (PML) NB (nuclear domains implicated in DNA replication and transcription regulation, epigenetic silencing, DNA repair, cell senescence, apoptosis, and regulation of the interferon-induced antiviral response; reviewed in reference 16), the nucleolus, or other nuclear domains (17, 18) . While less information is available for the RC of DNA viruses that replicate in the nucleus than for cytoplasmic RNA viruses, it is known that these nuclear compartments are vital for virus replication and that they contain DNA and RNA polymerases, transcriptional and posttranscriptional processing factors, and RNA export factors. The assembly of nuclear replication compartments is accompanied by the extensive reorganization of nuclear components that are major constituents of nuclear domains, such as PML NB, interchromatin granules (IG), paraspeckles, Cajal bodies (CB), and nucleoli (reviewed in reference 3). In addition, as for cytoplasmic viruses, nuclear RC also impact cellular antiviral mechanisms (19) (20) (21) (22) (23) (24) (25) (26) . Hence, replication compartments may represent a control hub of virus-cell interactions that promotes efficient viral replication and simultaneously protects viral macromolecules from cellular antiviral activities. Nevertheless, because of the complexity of the nuclear milieu, RC assembled in the infected cell nucleus have not been isolated; thus, they have been studied only within the complexity of the infected cell nucleus.
Like other DNA viruses that replicate in the nucleus, upon infection of the cell, adenovirus (Ad) DNA is delivered into the cell nucleus, where it localizes to PML NB by an uncharacterized mechanism (27) . Components of the PML NB, together with those of nucleoli, Cajal bodies, IG, and other nuclear domains that regulate RNA biogenesis, are recruited to RC, where the adenoviral genome is replicated and expressed (27) (28) (29) (30) (31) (32) . Components of the DNA repair machinery, signal transduction factors, tumor suppressor proteins, and innate immune response proteins also are recruited to these sites (22) (23) (24) (33) (34) (35) (36) .
Adenovirus RC have been studied only by fluorescence and electron microscopy in infected cells (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . These studies have provided valuable information about their morphological organization, such as the localization of viral and cellular factors that participate in viral DNA synthesis and gene expression, suggesting a spatial separation of replication and transcription regions (39) (see Fig. 9 ). However, direct evidence of the composition and of the molecular activities associated with adenoviral RC still is lacking.
Adenoviral RC and nucleoli seem to have similar functional organization. Neither of these subnuclear structures is membrane enclosed, they both consist of proteins and nucleic acids, and their size ranges between about 0.5 and 5 m in diameter. Furthermore, both structures appear to have subcompartments or regions that are morphologically and functionally distinguishable (38, 39, 47, 48) . The ultrastructural analysis of nucleoli has revealed three subcompartments that include the fibrillar centers (FC) surrounded by the dense fibrillar components (DFC), both embedded in the granular component (GC). The transcription of rRNA genes has been suggested to take place at the interface of FC and DFC, while ribosome assembly takes place in the granular component (48, 49) . Besides these main regions, an additional subcompartment, referred to as the intranucleolar body (INB), has been reported in which proteins involved in DNA repair, RNA metabolism, nuclear export, and protein turnover, as well as the posttranslational modifiers SUMO1 and SUMO2/3, are localized (50) . Fluorescence and electron microscopy of adenovirus RC suggest that they also are functionally compartmentalized. Double-stranded DNA (dsDNA) that is not actively replicated or transcribed is localized in the center of RC; separately, single-stranded DNA (ssDNA) is associated with the viral ssDNA binding protein (DBP), in the peripheral replicative zone (PRZ), where spatially separated sites of active replication and transcription are organized. Active transcription leads to the accumulation of clusters of IG surrounding RC (39, 41, 47, 51) . Interestingly, SUMO1 and SUMO2/3 paralogues associate with RC, displaying distinct localization where SUMO2/3 exhibits a pattern similar to that of DBP, while SUMO1 localizes to the periphery of DBP foci (26) , a pattern that is comparable with their distribution in PML NB (52) .
Adenoviruses are ubiquitous infectious agents and one of the main models of tumor virology, as well as one of the most promising alternatives for the development of vectors used in gene and anticancer therapies. Nevertheless, the molecular mechanisms by which adenoviral proteins reorganize and reprogram the infected cell nucleus are not completely understood. Since viral replication compartments seem to represent a regulating center of virus-cell interactions, a detailed study of these viral structures should allow the elucidation of molecular mechanisms that govern the regulation of not only viral genome replication and expression but also cellular activities by viral infection. Therefore, in order to study the molecular mechanisms that promote the formation of replication compartments as a general viral strategy, in the present work we have exploited a recently established cell-free system consisting of enriched RC fractions (RCf) (53) to analyze the morphology, composition, and functions of RC isolated from Adinfected cells. The analysis of RC particles by superresolution microscopy demonstrated that they possess morphological characteristics indistinguishable from those of RC within the infected cell nucleus. Moreover, this nanoscopic analysis demonstrated, for the first time, the compartmentalized organization of adenoviral RC. Significantly, these RC fractions proved to be functional, as they supported in vitro synthesis of viral DNA and RNA, as well as splicing of pre-mRNA, indicating that RC fractions contain sufficient components to direct these processes and that they recapitulate the activities that are associated with RC in the infected cell nucleus. The experiments presented here have revealed that the transcription and splicing of viral late mRNA occur in RC and that the regulation of viral late mRNA biogenesis is more complex than previously thought, as these experiments show for the first time that individual viral late mRNA species display different temporal patterns of synthesis, splicing, and partitioning between both the nucleus and the cytoplasm, as well as between RC and the nucleoplasm.
conjugated antibody (Jackson ImmunoResearch), anti-mouse Alexa Fluor 568, and anti-rabbit Alexa Fluor 488 (both from Invitrogen).
Preparation of subcellular and subnuclear fractions from Ad5-infected HFF cells. To isolate cytoplasmic and nuclear fractions, Ad5-infected HFF cells were fractionated essentially according to a procedure designed to isolate nucleoli described previously (58) and recently adapted (59) , with the following modifications (53) . All procedures were carried out on ice, except as indicated. HFF cells were grown in monolayer cultures to 90% confluence. Ad5-infected or mock-infected cells were harvested at the indicated times postinfection and were washed with icecold phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 ). To disrupt the cellular membrane, 1 ϫ 10 7 cells were resuspended in ice-cold hypotonic buffer (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol [DTT], 20 g/ml phenylmethylsulfonyl fluoride [PMSF], 10 g/ml aprotinin, 10 g/ml pepstatin A, and 10 g/ml leupeptin). After extensive swelling, cell membranes were lysed by 80 strokes with a Dounce homogenizer and constantly monitored by phase-contrast microscopy to ensure complete cell membrane lysis while avoiding damage to nuclei. The cell homogenate was centrifuged at 300 ϫ g at 4°C for 5 min, and the supernatant containing the cytoplasmic fraction (CYT) was stored at Ϫ20°C. To remove cellular debris from nuclei, the pellet was resuspended in solution 1 (S1) (0.25 M sucrose, 10 mM MgCl 2 , 20 g/ml PMSF, 10 g/ml aprotinin, 10 g/ml pepstatin A, and 10 g/ml leupeptin), layered over an equal volume of solution 2 (S2) (0.35 M sucrose, 0.5 mM MgCl 2 , 20 g/ml PMSF, 10 g/ml aprotinin, 10 g/ml pepstatin A, and 10 g/ml leupeptin), and centrifuged at 1,400 ϫ g at 4°C for 5 min. The supernatant contained cellular debris, and the pellet containing isolated nuclei (NUC) was resuspended in S2 and stored at Ϫ20°C. To isolate subnuclear fractions enriched with adenovirus RC (RCf), nuclei were sonicated with a Branson 1510 ultrasonic bath, using two 5-min pulses, until all nuclei were lysed as observed by phase-contrast microscopy. The sonicated nuclei then were layered over an equal volume of solution 3 (S3) (0.88 M sucrose and 0.5 mM MgCl 2 ) and centrifuged at 3,000 ϫ g at 4°C for 10 min. The supernatant containing the nucleoplasmic fraction (Npl) and the pellet containing the RCf or nucleolar fraction (Nlo; in mock-infected cells) were stored at Ϫ70°C. This procedure has been performed several times and has proven to be highly reproducible. Data from two independent experiments are shown.
Western blot analyses. To analyze the steady-state concentrations of nucleolin and DBP associated with subcellular fractions, Nlo, RCf, Npl, and CYT, as well as total cell lysates (TL) and total nuclear lysates (NL), were obtained from mock-infected or Ad-infected HFF cells at 16, 24, and 36 h postinfection (hpi). For immunoblotting, gels were transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore) and incubated as described previously (60) . Briefly, membranes were blocked for 2 h at room temperature with 3% nonfat milk and incubated overnight at 4°C with primary antibodies (B6-8, 1:500; anti-nucleolin, 1:500). After successive washes with PBS-0.1% Tween 20 (PBS-T), the membranes were incubated with secondary antibody coupled to HRP for 2 h at room temperature. Membranes were developed by enhanced chemiluminescence as recommended by the manufacturer (Pierce, Thermo Fisher Scientific), and bands were visualized on X-ray film (Kodak).
Phase-contrast microscopy, immunofluorescence microscopy, and superresolution analysis. Phase-contrast microscopy with a 40ϫ or 60ϫ objective, as indicated, was used to monitor preparations of subnuclear fractions. For immunofluorescence, HFF cells grown on coverslips to approximately 90% confluence were mock infected or infected with Ad5. Cells were processed for immunofluorescence as described previously (54) . After the application of specific primary antibodies, cells were incubated with secondary antibodies. The coverslips were mounted on glass slides in PBS-10% glycerol, and samples were examined using a Zeiss Axiovert 200M inverted microscope with a 63ϫ/1.4-numerical-aperture oil-immersion objective lens with an Axiocam MRM and Axiovision 3.1 software (Carl Zeiss, Inc.). Additionally, the cells were examined using an Olympus IX-81 inverted microscope, with a 100ϫ/1.49-numerical-aperture oil-immersion objective lens with an extra 1.6ϫ intermediate magnification lens and an electron-multiplying charge-coupled-device (EMCCD) camera (iXon 897; model no. DU-897E-CS0-#BV; Andor).
For superresolution microscopy, cells were mounted on coverslips and treated as described above. RC and nucleolar fractions were spotted onto silane (Sigma)-coated slides as described before (53) and incubated with primary antibodies against DBP (1:50,000) and nucleolin (1:1,500) for 2 h at room temperature. After successive washes with PBS-T, secondary antibodies coupled to Alexa Fluor 568 or Alexa Fluor 488 (1:1,500 each) were added. Samples were washed with PBS-T, mounted in PBS-10% glycerol, and stored at Ϫ20°C. All superresolution imaging measurements were performed on an Olympus IX-81 inverted microscope configured for total internal reflection fluorescence (TIRF) excitation (cellTIRF Illuminator; Olympus). The critical angle was set up such that the evanescence field had a penetration depth of ϳ200 nm (Xcellence software v1.2; Olympus Soft Imaging Solution GMBH). The samples were continuously illuminated using excitation sources depending on the fluorophore used. Blue (Alexa 488)-and yellow (Alexa 568)-absorbing dyes were excited with either a 488-nm or a 561-nm diode-pumped solid-state laser. Beam selection and modulation of laser intensities were controlled via Xcellence software v.1.2. A full multiband laser cube set was used to discriminate the selected light sources (LF 405/488/561/635 A-OMF, Bright Line; Semrock). Fluorescence was collected using an Olympus UApo N 100ϫ/1.49-numerical-aperture oil-immersion objective lens with an extra 1.6ϫ intermediate magnification lens. All movies were recorded onto a 65-by 65-pixel region of an EMCCD camera at 100 nm per pixel. Subdiffraction images were derived from the Bayesian analysis of the stochastic blinking and bleaching (termed 3B analysis) of Alexa Fluor dyes (61) . For each superresolution reconstruction, 300 images were acquired at 37 Hz with an exposure time of 23 ms at full laser power. The maximum laser power coming out of the optical fiber for the 488-nm and the 561-nm laser lines, measured at the back of the focal plane of the objective lens, were 23.1 mW and 19.1 mW, respectively. Each of the image sequences was fed into the 3B microscopy analysis plugin of Image J (62), considering a pixel size of 100 nm and a full-width half maximum of the point spread function of 270 nm (for Alexa Fluor 488) and 290 nm (for Alexa Flour 568), both measured experimentally with 0.17-m fluorescent beads (PS-Speck microscope point source kit; Molecular Probes, Inc.). All other parameters were set up as the default values. The 3B analysis was run over 200 iterations as recommended (61, 62) , and the final superresolution reconstructions were created at a pixel size of 10 nm. The spatial resolution observed in our imaging setup by 3B analysis was approximately 50 nm.
DNA purification. Subnuclear fractions from two independent experiments were treated with 1 mg/ml of proteinase K and 1:200 of Tween 20 (both from Promega). This preparation was incubated for 1 h at 55°C. Proteinase K inactivation was performed for 10 min at 95°C. The reactions were centrifuged for 2 min at 14,000 rpm at room temperature, and the supernatant was collected. The DNA was precipitated with a 1/10 volume of 3 M sodium acetate and one volume of isopropanol overnight at 4°C. The samples were centrifuged at 14,000 rpm for 10 min at room temperature. The pellet was washed with 70% ethanol and centrifuged for 5 min at 14,000 rpm at 4°C. The DNA was resuspended in 10 mM Tris-HCl, pH 7.4, quantified using a NanoDrop instrument, and stored at 4°C.
RNA purification. RNA was purified from NUC, CYT, Nlo, RCf, and Npl from two independent experiments using TRIzol according to the manufacturer's instructions (Invitrogen). The RNA pellet was resuspended in DEPC (diethylpyrocarbonate)-treated water and quantified using a NanoDrop instrument. Purified RNA was checked for the absence of DNA contamination by reverse transcriptase-negative (RT Ϫ ) reactions and stored at Ϫ70°C.
Primer design. The CLC Sequence Viewer (CLC Bio), Primer Plex (Premier Biosoft), and Primer-BLAST (NCBI) programs were used to design primers specific for the viral and cellular nucleic acid sequences of interest. The primers used to detect viral pre-mRNA (ML) and viral DNA allowed the amplification of a region spanning the second intron within the TPL, from nucleotide 7273 to 7353; the primers used to detect the L5 pre-mRNA spanned a unique region within the L5 primary transcript, upstream of the coding sequence (CDS) of pIV/fiber and within the CDS, from nucleotide 29123 to 29239; primers used to detect the spliced L5 mRNA spanned the splice junction between the third exon of the TPL and the pIV exon (nucleotides 9722 to 31048 and 31212); primers for nucleolar DNA and RNA hybridized within the 18S rRNA sequence from nucleotide 1085 to 1224 (GenBank accession number X03205.1); to detect nonnucleolar DNA or RNA, the primers used allowed the amplification of a region within the U1 snRNA sequence from nucleotide 7 to 122 (NCBI reference sequence NR_004430.2). The primers used to detect spliced viral ML mRNA spanned the splice junction within the second and third exons of the TPL, from nucleotide 7172 to 9733; for spliced cellular RNA, the primers spanned the splice junction between exons 4 and 5 in the actin mRNA, from nucleotide 875 to 1013 (NCBI reference sequence NM_001101.3). All primers allowed the amplification of a unique product of the expected size. The sequences of the primer sets used were the following: viral DNA and RNA (ML; sequence within the second intron of the TPL) forward (Fw), GAGCGAGGTGTGGGTGAGC; reverse (Rv), GGATGCGACGACACTGACTTCA; L5 pre-mRNA Fw, GTCCATCCGC ACCCACTATCTTC; Rv, AAGGCACAGTTGGAGGACCG; spliced L5-mRNA Fw, GTCACAGTCGCAAGATGAAGCG; Rv, GGTAACTAGA GGTTCGGATAGGCG; nucleolar DNA and RNA (18S) Fw, CGATGCC GACCGGCGATG; Rv, CTCCTGGTGGTGCCCTTC; nonnucleolar DNA (U1) Fw, ACCTGGCAGGGGAGATACCAT; Rv, GCAGTCGAGT TTCCCACATTTGG; spliced viral ML mRNA (splice junction within the second and third exons of the TPL) Fw, GCCTCCGAACGGTACTCC GCC; Rv, CGCCACGGTGCTCAGCCTACC; spliced cellular mRNA (actin mRNA) Fw, CTTCCTTCCTGGGCATGGAGTCC; Rv, GCAATGC-CAGGGTACATGGTGG.
cDNA synthesis. To analyze RNA, 100 ng of RNA obtained from each subnuclear fraction from two independent experiments was reverse transcribed using Revert-Aid reverse transcriptase according to the manufacturer's instructions (Thermo Scientific) in a 20-l reaction volume.
PCR. Amplification of viral DNA or cDNA from subnuclear and subcellular fractions obtained from two independent experiments was carried out by PCR using Taq DNA polymerase as recommended by the manufacturer (Thermo Scientific) in a 25-l reaction volume. For RT-PCR assays, RT Ϫ reactions were prepared to confirm the absence of DNA contamination. After PCR amplification, 10 l of the reaction was loaded in 2% agarose gels, subjected to electrophoresis, and visualized using ethidium bromide staining.
Densitometry analysis. The DNA and RNA gel electrophoresis images, as well as WB films, were analyzed by densitometry using ImageJ (63) . Graph Prism was used to plot the data and for statistical analysis by two-way analysis of variance (ANOVA) and Student's t test.
DNA replication assay in isolated RC. RCf-associated DNA polymerase activity was assayed in duplicate samples from two independent experiments, incubating RCf for 30 min at 30°C in a solution containing 200 mM ammonium sulfate, 40 mM Tris-HCl, pH 7.9, 5 mM MgCI 2 , 3 mM DTT, 50 M each deoxyribonucleoside triphosphate (dNTP), and 1 mM ATP (modified from reference 64). After this time, DNA was purified as described in the DNA purification section, and DNA synthesis was determined by amplifying a region of the adenoviral genome within the TPL sequence by PCR; for cellular DNA, 18S rRNA and U1 snRNA primers were used. The products were amplified for 25 cycles to avoid signal saturation. The amplified PCR products were separated in agarose gels, and bands were quantified by densitometry. Actinomycin D (ActD; 100 ng/ ml) was used to inhibit DNA replication. Replication assays were carried out using duplicate samples obtained from two independent experiments, and data were analyzed by two-way ANOVA and t test.
Transcription assay in isolated RC. RC transcriptional activity was assayed in duplicate from two independent experiments, incubating RCf for 10 min at 37°C in a solution containing 200 mM ammonium sulfate, 80 mM Tris-HCl, pH 7.9, 2 mM MnCI 2 , 0.05 mM DTT, and 1 mM each ribonucleoside triphosphate (NTP) (modified from reference 65). After this time, RNA was isolated using TRIzol reagent as described above and checked for the absence of DNA contamination, and RNA synthesis was determined by RT-PCR using viral primers within the TPL sequence and cellular primers for actin mRNA and 18S rRNA. The products were amplified for 20 cycles to avoid signal saturation. Actinomycin D (25 g/ml) was used to inhibit transcription. Transcription assays were carried out using duplicate samples from two independent experiments and analyzed by two-way ANOVA and t test.
Splicing assay in isolated RC. Splicing activity associated with RCf was assayed in duplicate from two independent experiments, incubating the fractions for 90 min at 30°C in a reaction mixture containing 1 mM ATP, 20 mM creatine phosphate, 3.2 mM MgCl 2 , 0.25 U/l of RiboLock (ThermoScientific), 1 mM DTT, 72.5 mM KCl, and 12 mM HEPES-KOH, pH 7.9 (modified from reference 66). After this time, RNA was isolated and checked for the absence of DNA contamination, and pre-mRNA splicing was determined by RT-PCR using primers that hybridized on splice junctions within the TPL (for viral mRNA) and within the actin mRNA (for cellular mRNA). The products were amplified for 25 cycles to avoid signal saturation. Erythromycin (500 M) was used to inhibit splicing as previously reported (67) . Splicing assays were carried out using duplicate samples from two independent experiments and analyzed by two-way ANOVA and t test.
Quantitative RT-PCR. Viral ML mRNA and L5 mRNA were quantified in NUC, CYT, Npl, and RCf using the SYBR green PCR master mix kit according to the manufacturer's instructions (Applied Biosystems). The primers used allowed the amplification of ML and L5 pre-mRNA and spliced species; U1 snRNA was used as an endogenous control. All primers were validated, proving to have an amplification efficiency close to 100%, as calculated by the linear regression obtained from standard curve assays. The primers allowed the amplification of a unique product of the expected size, as determined by melting curve analyses. The StepOne system (Applied Biosystems) was used for thermocycling; RT Ϫ and NTC controls were prepared for each experiment. The samples were analyzed by the ⌬⌬C T comparative method using triplicate samples from two independent experiments. Statistical analyses were performed by two-way ANOVA and t test.
RNA extraction, cDNA library preparation, and sequencing. Total RNA from RCf isolated at 36 hpi from Ad5-infected HFF cells was extracted as described above. The quality of the total RNA was checked with a Bioanalyzer using an RNA Nano chip from Agilent Technologies. The sequencing libraries were generated with the ScriptSeq v2 transcriptome sequencing (RNA-Seq) kit from Epicenter. The quality check of libraries (size and quality) was visualized on a Bioanalyzer high-sensitivity DNA chip (high-sensitivity DNA kit from Agilent Technologies). The cDNA libraries were sequenced on the Illumina HiSeq 2500 system.
Computational analysis of splicing sites. In order to map the splice sites for Ad5, the H5pg4100 genome (wild-type virus that lacks a portion of E3, including the z leader [56] ) was aligned to the Ad2 genome annotated sequences (NCBI reference sequence AC_000007.1). FASTQ files were aligned to the human genome, and these sequences were removed from the FASTQ file for this analysis. Using strand-specific FASTQ files, the reads were aligned using Bowtie2 aligner (68) to exon-exon junctions between leaders 2-i, i-3, and 2-3, as well as the exon-exon junctions for fiber mRNA (x, y, and fiber). The quantification of reads aligned to the exon-exon junction was done using the tool Multicov within the Bedtools package, considering at least 10 nucleotides of overlap in the exon-exon junctions.
RESULTS
Morphological and biochemical analysis of RCf. The adenoviral replication cycle comprises a complex interplay between viral and cellular factors that regulate and establish optimal conditions for viral genome replication. The accumulation of newly replicated viral DNA molecules promotes late gene expression and consequently viral progeny production. Viral DNA replication and late gene expression take place in replication compartments (RC); however, a major obstacle in the study of the adenovirus replication cycle has been our limited understanding of the molecular composition of RC and the viral and cellular activities that are influenced or controlled by these compartments. A variety of subnuclear bodies and large macromolecular complexes, such as Cajal bodies (69), nucleoli (58) , and spliceosomes (70), have been isolated from the nucleus on the basis of features such as size, molecular mass, and density. Isolated subnuclear fractions have allowed a detailed characterization of the molecular composition and properties of their cognate nuclear domain.
As described in the introduction, viral and cellular proteins that modulate viral DNA replication, transcription, and posttranscriptional processing, as well as components of the cellular antiviral response, are associated with RC. Nevertheless, little is known about their localization within these viral microenvironments. In order to analyze in more detail the morphology and biochemical composition of RC, a fractionation protocol we recently developed to isolate adenovirus RC (Fig. 1A) (53) was used to determine the localization of DBP and nucleolin within isolated RC particles by TIRF microscopy and the Bayesian analysis of blinking and bleaching (3B analysis) to obtain superresolution images (Fig. 1D to F) . This approach allowed, for the first time, a nanoscale analysis of isolated RC particles that can help us study their organization at a resolution of approximately 50 nm. In parallel, the intracellular distribution of DBP and nucleolin also was analyzed both by conventional immunofluorescence (IF) microscopy (Fig. 1C) and using a 100ϫ/1.49-numerical-aperture oilimmersion objective lens with an extra 1.6ϫ intermediate magnification lens (Fig. 1B) , as described in Materials and Methods.
Using conventional IF microscopy, DBP was seen to accumulate mostly in large foci and ring-like structures in the nuclei of Ad-infected cells, as expected (Fig. 1C, a and c) . Nucleolin was detected as a faint, diffuse signal that was mostly nuclear, with some cytoplasmic staining near the periphery of the nucleus (Fig.  1C, b and c) . The weak signal was overlaid with a small number of higher-intensity large inclusion-like structures that were devoid of DBP (likely corresponding to nucleoli), as well as numerous structures that matched the periphery of all DBP-containing foci and rings (Fig. 1C, a to c) . When the distribution of DBP was analyzed in Ad-infected cells at different times postinfection by TIRF microscopy (Fig. 1B) , the expected pattern of distribution was observed, as DBP accumulated in numerous small foci by 16 hpi and, at later time points, was distributed in ring-like and open structures that appeared to coalesce, forming larger, more morphologically complex structures; however, in contrast to conventional IF microscopy, each of the larger structures was overlaid with numerous small DBP foci, especially by the later time point analyzed (36 hpi) (Fig. 1B) . Interestingly, in contrast to the images that have been produced previously by confocal microscopy analysis of individual rings formed by DBP in Ad-infected cells, using TIRF at 24 hpi (Fig. 1D , e to g and insets d and k) or 36 hpi (Fig. 1E , e to g and insets d and k) and processing by the 3B algorithm ( Fig. 1D and E, a to c and h to j) showed that DBP occupied the periphery of these rings only partially. Moreover, while nucleolin was associated with these structures, essentially no colocalization with DBP was observed at 24 hpi (Fig. 1D) , as each protein localized with a different and separate pattern along defined regions of the rings' periphery, with nucleolin localizing mostly inside the periphery marked by DBP. In contrast to the 24-hpi time point, at 36 hpi (Fig. 1E) , colocalization of DBP and nucleolin was observed mainly at the periphery of the ring-like structures. Isolated RC particles like those shown in the insets of Fig. 1A were analyzed by superresolution microscopy from both Ad-infected cells (24 and 36 hpi) and mock-infected cells (Fig. 1D and E, l to q, and F). The distribution of DBP or nucleolin in these particles was essentially the same as that observed in RC within Ad-infected cells (Fig. 1D  and E, a to k) . Interestingly, the particles obtained in the RCf displayed abundant levels of both DBP and nucleolin, confirming that Ad infection induces the recruitment of nucleolin to RC. RCf isolated at 36 hpi formed clusters (Fig. 1E, o to q) , displaying a similar morphology to that observed for RC within Ad-infected cells, where higher colocalization of DBP and nucleolin at the periphery of RC could be observed.
We have recently found that bona fide RC components, such as the viral DNA, the DBP protein, and various representative sequences of viral late mRNA from the major late transcription unit (MLTU) (TPL, L2, L4 and L5 mRNA), are associated with RCf (53) . To confirm the association of nucleolin with RCf, the presence of this protein was analyzed by Western blotting. Representative results for the analysis of nucleolin in various subcellular fractions are shown in Fig. 2 . The fractions from mock-infected cells showed that while nucleolin was not detectable in the cytoplasmic fraction (CYT) or total cell lysate (TL), the levels of this protein were approximately 5-fold higher in the nucleolar fraction (Nlo) than in the nucleoplasmic (Npl) and total nuclear fractions (NL). An analysis of nucleolin from the same number of Ad-infected cells showed that the protein was redistributed from the nucleolus to all subcellular fractions, in agreement with IF and superresolution microscopy ( Fig. 1) and with previously reported experiments where the adenoviral pV protein induced the relocalization of nucleolin to the cytoplasm in transfection assays (71) . Apart from the redistribution of nucleolin, the protein levels were higher than those in mock-infected cells, and the anti-nucleolin antibody detected both faster-and slower-migrating bands that were more prominent in the fraction corresponding to RC (Fig.  2) . The nature of the additional bands observed in the nucleolar or RC fractions for nucleolin is unknown, but they could originate from posttranslational modifications or proteolytic cleavage. Nucleolin is known to be phosphorylated and to possess autocatalytic activity, resulting in cleavage fragments with apparent molecular masses of about 100, 70, 60, and 50 kDa (72). Such fragments closely match the bands observed in RCf fractions from Ad-infected cells (Fig. 2) . These results confirm that nucleolin was relocalized to RC and suggest that its proteolytic products also are relocalized to these sites ( Fig. 1C and D and Fig. 2 ).
Taken together, these results indicate that isolated RC have morphology similar to that of RC within Ad-infected cells at different stages of the late phase of infection, and that nucleolin is relocalized to the periphery of DBP in the RC, demonstrating that at this level of resolution compartmentalization of RC can be observed, as DBP and nucleolin displayed distinguishable distributions at different times postinfection. These results indicate that RCf can be used to precisely define the spatiotemporal association of DBP, and presumably other viral and cellular molecules, to RC at different stages of the viral replication cycle.
Adenovirus RCf are functional. RC are sites of viral DNA synthesis and late gene expression; thus, in addition to viral DNA, viral mRNA, and DBP (53), RCf could be expected to contain other viral and cellular components that participate in these molecular processes, such as the viral E2B DNA polymerase (Ad pol), the cellular RNA polymerase II (RNA pol II), and spliceosome components. Therefore, we decided to determine if the RCf were functional. To this end the subnuclear fractions were used for in vitro synthesis of DNA and mRNA and to evaluate mRNA splicing activity, as described in Materials and Methods.
Viral DNA synthesis in RCf. To determine whether viral DNA replication was associated with RCf, viral DNA synthesis was evaluated in fractions obtained at 16 (not shown), 24, and 36 hpi. The RCf were incubated in a reaction mixture in the presence of ATP and dNTP, DNA then was extracted and purified, and viral DNA was amplified by PCR and analyzed in agarose gels by densitometry as described in Materials and Methods. ActD was used in these assays to inhibit DNA synthesis as a control. One such gel from these experiments is shown as an example, and the data from two independent experiments are included in Fig. 3 . No viral DNA synthesis was detected in samples from mock-infected cells or in the absence of ATP or dNTP. Clearly detectable levels of de novosynthesized DNA were obtained at both times postinfection, as the level of DNA increased from input levels by 1.6-fold at 24 hpi and 3.3-fold at 36 hpi. ActD treatment significantly inhibited viral DNA replication, resulting in levels that were comparable to those of the input DNA at both times postinfection ( Fig. 3A and B) . Both nucleolar DNA (ribosomal DNA) and nonnucleolar DNA (U1 gene) also were measured in these experiments when no amplification from these cellular DNA was observed (data not shown). These results clearly indicate that RCf contain active Ad pol that can direct de novo synthesis of viral DNA and that in vitro viral DNA synthesis is higher in RC isolated at 36 than at 24 hpi.
RNA synthesis in RCf. RNA pol II synthesis of viral late mRNA was measured to evaluate transcriptional activity associated with RCf ( Fig. 4A and B) . The samples were incubated in the presence of NTP to determine the de novo synthesis of RNA, and as before, ActD served as a control to inhibit de novo transcription. No synthesis of viral mRNA was detected in mock-infected cells. As shown in Fig. 4 , the levels of viral ML mRNA increased above the level of the input by approximately 2-fold at 24 hpi and 5-fold at 36 hpi. The synthesis was dependent on the presence of NTP and was inhibited to input levels by ActD treatment. The same analysis was made to evaluate cellular mRNA synthesis when no in vitro ActD was used at 25 g/ml. The RT-PCR products were measured by densitometry. Data from duplicates of two independent experiments are shown. **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001. transcription was observed (data not shown), indicating RNA pol II activity in RCf-directed transcription of viral but not cellular genes.
Since nucleoli are sites where rRNA are produced and previous work has established that isolated nucleoli maintain transcriptional activity (73), we decided to determine whether RCf retained RNA pol I activity. Therefore, rRNA synthesis was measured as described above (Fig. 4C and D) . De novo rRNA synthesis was observed both in mock-infected (MK) and Ad-infected cells and was dependent on the presence of NTP. As with the RNA pol II viral products, rRNA transcription was inhibited by ActD to input levels in mock-infected and RCf fractions. Surprisingly, rRNA synthesis showed an almost 3-fold increase at 36 hpi compared to the level for MK.
Together, these results indicate RCf have both RNA pol I-and pol II-associated activity, and that such activity is higher at 36 than at 24 hpi. mRNA splicing in RCf. Previous reports have shown that splicing factors and snRNP are localized adjacent to DBP foci (39, 74) . ASF/SF2 as well as snRNP colocalize with viral transcription sites (42, (75) (76) (77) . Since RCf were transcriptionally functional, the molecules necessary to process viral pre-mRNA could be expected to be associated with this fraction. Therefore, viral late mRNA splicing was evaluated in the subnuclear fractions. The RCf were incubated in a reaction mixture in the presence of ATP and creatine phosphate. RNA then was extracted and purified, and spliced viral mRNA was analyzed by RT-PCR. As a control, treatment of the samples with erythromycin was used to inhibit the formation of the spliceosome C complex as previously reported (67) .
Viral pre-mRNA splicing was dependent on the presence of ATP and creatine phosphate, and no products were obtained in samples from mock-infected cells. Mature viral mRNA was detected at levels that were approximately 3-fold higher than input levels at 36 hpi but not at 24 hpi (Fig. 5A and B) . Treatment with erythromycin significantly inhibited the posttranscriptional processing of viral transcripts. Additionally, cellular pre-mRNA splicing was evaluated ( Fig. 5C and D) . In the nucleolar fraction and RCf, cellular actin pre-mRNA splicing was observed and was dependent on ATP and creatine phosphate. In all samples, treatment with erythromycin significantly inhibited pre-mRNA processing. Furthermore, RCf from Ad-infected cells showed a progressive increase at the different times postinfection in the levels of spliced actin mRNA species. It is known that IG are closely associated with DBP foci (32, 77); therefore, it is possible that IG coisolate with RC, which may account for the de novo processing of cellular species of pre-mRNA in RCf.
Together, these results demonstrate that RCf are functional and should allow detailed analysis of molecular activities associated with these structures.
Quantification of viral late mRNA synthesis and splicing associated with RCf. Adenovirus late gene expression proceeds through a coordinated and complex transcription program that requires the initiation of viral DNA synthesis for the activation of the major late (MLP) and L4 (L4P) promoters. The complexity of the viral late gene expression program is further compounded with posttranscriptional processing of all mRNA species produced by the L1 to L5 viral late mRNA families. Although during the initial stages of the late phase both newly synthesized and spliced ML transcripts are associated with the peripheral replicative zones (PRZ) of RC (74, 78) , as the late phase progresses cellular snRNP and spliced ML sequences accumulate in large clusters within surrounding IG (41, 77, 78) . Since transcription does not take place in these IG structures (38, 77) , it has been suggested that posttranscriptional processing of viral late mRNA continues in these sites (41, 74, 78) . Nevertheless, it is not yet clear at which stage of posttranscriptional processing these transcripts may dissociate from RC to be transported to IG and later exported to the cytoplasm, nor is it known whether each viral late mRNA species can be processed in the same compartments or with similar kinetics. Moreover, these studies all have relied on immunofluorescence or electron microscopy, and it is not known whether, at the later stages of viral replication, IG remain a separate nuclear structure or if their components become embedded in viral RC. Since a sequence within the unspliced ML TPL has been detected both in RCf and in Npl (53) and de novo splicing of an ML sequence could be detected in RCf (Fig. 5) , we decided to measure the partitioning of viral late pre-mRNA and spliced mRNA between the RC and Npl fractions at different times postinfection by quantitative RT-PCR. Therefore, RNA was isolated from RCf and Npl at 24 and 36 hpi as before, and primers designed to amplify sequences from the ML TPL and L5 spliced or unspliced mRNA were employed as described in Materials and Methods. For these experiments, we initially measured the synthesis of viral late mRNA using total RNA obtained from the nucleus of Ad-infected cells at 24 and 36 hpi, and steady-state levels of all viral ML or L5 pre-mRNA were determined. The results from representative experiments are shown in Fig. 6 , where a similar increase in ML or L5 pre-mRNA was observed from 24 to 36 hpi (Fig. 6A and B) . Such increments are in agreement with previous reports that have measured transcription rates for late mRNA (79, 80) . To determine the relative accumulation of spliced mRNA in the nucleus and cytoplasm, steady-state levels of spliced ML and L5 mRNA then were quantified ( Fig. 6C and D) . The increase in nuclear mRNA from 24 to 36 hpi was higher for L5 than for ML, for which a 6-fold increase was observed. Furthermore, the cytoplasmic accumulation of L5 mRNA was more efficient than that of ML, since at 36 hpi a greater number of spliced L5 transcripts was quantified in the cytoplasm than in the nucleus, while the number of ML transcripts was the same in both subcellular fractions. Since nucleocytoplasmic partitioning of mRNA traditionally has been used to measure the export of viral late mRNA (54, 60, 81, 82) , these data suggest that the export rate for L5 mRNA is higher than that for all other ML mRNA. An alternative explanation, not necessarily exclusive, is that by the later time point nuclear or cytoplasmic mRNA turnover varies for each mRNA species.
To evaluate whether the observed differences in transcription and splicing or in the temporal pattern of cytoplasmic accumulation of ML and L5 mRNA were consequences of nuclear events during their biogenesis, we decided to measure the partitioning of spliced and unspliced ML and L5 mRNA between RC and Npl No amplification of pre-mRNA was detected in cytoplasmic fractions, which indicated there was no nuclear contamination of these fractions. Standard deviations and mean fold change values were plotted for triplicates from two independent experiments. ***, P Ͻ 0.001; ****, P Ͻ 0.0001.
fractions, as described in Materials and Methods. Representative results where the fold change was measured in these experiments are shown in Fig. 7 . At both 24 and 36 hpi, all ML transcripts, unspliced (Fig. 7A) and spliced (Fig. 7B) , displayed very similar distributions between RCf and Npl. In contrast, the unspliced L5 mRNA showed a 25-fold decrease in the RCf from 24 to 36 hpi (Fig. 7C) , while the ratio of processed to nonprocessed L5 mRNA increased to a greater extent than that for ML mRNA in RCf. Since mRNA splicing activity was detected in RCf at 36 hpi (Fig. 5A) , the decrease in the quantity of spliced L5 mRNA in the nucleus (Fig.  7D) and its simultaneous accumulation in the cytoplasm at the same time point (Fig. 6D) indicate that L5 mRNA splicing occurs in the RC and that at the later time postinfection, L5 mRNA splicing and export to the cytoplasm are more efficient than those of the rest of the ML transcripts.
To make a direct quantitative analysis of the unspliced and spliced forms of ML and L5 mRNA associated with RC and to further evaluate if the splicing of all alternative forms of L5 mRNA occurs in RC, we performed an RNA-Seq analysis of the mRNA associated with RCf at 36 hpi and quantified the sequences aligned to the junctions between different exons for these late transcripts (Fig. 8) . Posttranscriptional processing of fiber mRNA requires splicing of an intron of close to 18 kb in length, a process that ignores at least 13 potential splice sites upstream of L5 (83, 84) . Moreover, the fiber exon can be spliced to different upstream ancillary leader exons, including the TPL and the i leader, in combination with three other potential leaders inside the E3 region (leaders x, y, and z), as shown in Fig. 8B (83-85) . Since splice sites for the Ad genome have been reported for serotype 2 (85) but the annotation was not complete for serotype 5, we first made an in The graphs show the fold change for viral late ML pre-mRNA (A) and ML mRNA (B) and for L5 pre-mRNA (C) and L5 mRNA (D). (E and F) The ratios of processed to nonprocessed mRNA (P/NP) for ML (E) and L5 (F) are shown. Standard deviations and mean fold change values were plotted for triplicates from two independent experiments. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001. silico search to map all possible L5 splice sites in the Ad5 wild-type genome sequence (H5pg4100) (Fig. 8) . In this viral genome a region in the E3 transcription unit that includes the 5= splice site of the z leader has been deleted, while x and y leaders remain intact. To match the regions analyzed by quantitative RT-PCR with the RNA-Seq analysis, we quantified the reads aligned to the leader 2-3 junction (ML P), the intron between leaders 2 and 3 (ML NP), the leader 3-fiber junction (L5 P), and the intron right before the fiber exon (L5 NP) to determine the number of spliced and unspliced mRNA from the total set of viral late mRNA (ML) and the TPL-L5 mRNA (Fig. 8A) . As shown in the graph, a greater quantity of spliced than unspliced mRNA was found for both ML and L5 at 36 hpi. As expected, the number of reads aligned for ML mRNA species were greater than those for L5 mRNA. Since the primers used in the quantitative RT-PCR assays only account for TPL-fiber mRNA, we decided to quantify the RNA-Seq reads for different possible combinations of fiber splice junctions (Fig. 8C) . The biological significance of i leader exon inclusion or exclusion has not been elucidated, but it has been shown to depend on the viral E4Orf3 and E4Orf6 proteins, respectively, and that splicing of ML mRNA at late times usually leads to its exclusion (86) . Therefore, the low number of reads covering the leader i-3 splice junction could be expected (Fig. 8C) . Alternatively, while the processing of all exon junctions leading to the production of L5-fiber mRNA occur in association with RC, the i-3 splice junction may not. The x and y leaders can be spliced to E3 and L5 mRNA, so the reads aligned to the splice junction between leaders x and y could correspond to either of these two viral mRNA species. Interestingly, the overall coverage pattern for reads aligned to L5 splice junctions in RCf closely matched those from total cell lysates re- (A) The graph shows the sequence reads aligned to the leader 2-3 junction (ML P, black bars), the intron between leaders 2 and 3 (ML NP, black bars), leader 3-fiber junction (L5 P, gray bars), and intron region immediately upstream of fiber (L5 NP, gray bars). P, processed mRNA; NP, nonprocessed mRNA. (B) Splice diagram of fiber mRNA splice sites in the H5pg4100 genome. The numbers indicate the 5= and 3= ends of each exon. (C) The graph shows the sequence reads aligned to different potential splice sites for ML (black bars) and fiber (gray bars) mRNA. The number of sequence reads covering these splice sites as well as the nucleotides covering the splice junctions shown in the graph are listed in the table.
cently reported for Ad2 (85) , including the high number of reads covering the splice junctions between leaders 3 and y, indicating that the fiber mRNA that contain these exons are the most abundant both in RCf and total cell lysates at 36 hpi. To our knowledge, a spatiotemporal change in the rate of synthesis or posttranscriptional processing of individual viral late transcripts has not been reported. The present results indicate that the quantitative analysis of the differential biogenesis of individual viral late mRNA species at different times of viral replication should be performed to obtain a detailed analysis of these events, and that RCf are amenable to perform such studies. Taken together, the results from quantitative RT-PCR assays and RNA-Seq indicate for the first time that alternative splicing of L5 mRNA is associated with RC and that these mRNA are spliced and accumulate in the cytoplasm more efficiently than the rest of the ML mRNA at late times postinfection.
DISCUSSION
Adenoviruses and other DNA viruses that replicate in the nucleus induce extensive reorganization of nuclear components, some of which are recruited to sites where viral RC are assembled (reviewed in reference 3). These virus-induced microenvironments represent a common viral strategy that promotes a productive replication cycle and simultaneously counteracts the antiviral cellular response. However, most aspects of the structure and function of RC remain to be explored; some of these include the relationship between their molecular components and the activities they regulate, as well as the dynamics of their assembly and the molecules involved in their structural integrity. In this study, we report for the first time the use of a recently established procedure that allows the isolation of adenovirus RC particles in subnuclear fractions obtained from infected cells to perform morphological and functional studies of RC (53) . Such fractions recapitulate the spatial organization of RC within infected cells as visualized by superresolution microscopy, where DBP and nucleolin localize in the periphery of RC both in the infected cell nucleus and isolated RC particles. Significantly, these fractions proved to be functional, indicating that this novel approach should help to determine the macromolecular composition of RC and unravel fundamental aspects of the viral replication cycle and virus-cell interactions.
Isolated adenoviral RC are morphologically similar and recapitulate activities associated with RC in the infected cell. The distribution of DBP associated with RC within the infected cell nucleus by conventional or confocal microscopy, like that shown in Fig. 1C , has shown that the protein forms closed circular structures that seem to coalesce, giving rise to larger, morphologically complex open structures (reviewed in reference 3). The detailed analysis of Ad-infected cells presented here using higher magnification has shown for the first time that DBP accumulates in numerous small foci that are distributed in the periphery of the RC rings, forming structures with a beads-on-a-string appearance (Fig. 1B) . This complex assembly of RC is stable enough to be isolated, since the morphology of isolated particles was indistinguishable from that of RC inside the infected cell nuclei. Morphological analyses of RC within infected cells, as well as isolated RCf and Nlo fractions by TIRF and superresolution microscopy, produced images in which both DBP and nucleolin could be seen to occupy defined areas of the particles' periphery. When TIRF images were reconstructed using the 3B algorithm, obtaining images close to 50-nm resolution, both proteins appeared as dots that accumulated in some areas of the periphery of the isolated particles, indicating that, like nucleoli, RC are compartmentalized and that DBP and presumably other proteins (see the discussion on nucleolin below) occupy defined subcompartments localized mainly in the periphery of RC and only in certain areas that may correspond to PRZ. These findings indicate that the isolated particles can reveal detailed ultrastructural features of RC, and studies are under way to determine the localization of viral and cellular proteins that are known to be associated with RC using higherresolution methods, such as transmission electron microscopy (TEM) and interferometry (87) .
The presence of bona fide RC markers in RCf (53) suggested these subnuclear fractions also should contain the enzymatic activities associated with these viral sites in the infected cell. This hypothesis was confirmed, as RCf directed de novo synthesis of viral DNA and viral late RNA, as well as splicing of viral late mRNA (Fig. 3, 4A, and 5A ). As the infection proceeds into the late phase, IG surround the PRZ, and components of Cajal bodies that participate in viral mRNA posttranscriptional processing are recruited to these sites (30, 78) . Splicing factors, such as SC-35 and snRNP, also are relocalized to IG, forming clusters at the periphery of DBP where viral late mRNA enriched in exon sequences accumulate (39, 43, 74, 77, 78, 88, 89) . Since in our experiments RCf could direct the splicing of both viral late and cellular mRNA, it is possible that clusters of IG are tightly associated with RC so that they could be coisolated in RCf. An alternative explanation for both the RCf-associated RNA pol I activity and for the splicing of cellular mRNA is that by late times postinfection (36 hpi), the coalescing RC form a meshwork to which actively transcribed mRNA associate and therefore can be sedimented with the RC particles.
The nuclear matrix is commonly defined as the subnuclear fraction that results from sequential salt extractions, using increasing concentrations of detergent and nuclease treatment (90, 91) . DNA replication, transcription, RNA processing, and transport are nuclear activities that, although transient, can be associated with the nuclear matrix (reviewed in references 90 and 92). Since the solutions used to isolate RCf exclude salt extraction and detergents, consist solely of sucrose and magnesium, and are disrupted by mild sonication (see Materials and Methods), it is possible that the RC subnuclear fraction contains associated nuclear matrix molecules, explaining the presence of cellular mRNA in the RCf. These observations are in agreement with previous findings by Leppard and Shenk, where both ML and cellular mRNA were shown to transit through a series of biochemically defined nuclear fractions, as they are synthesized in a nuclear matrix fraction and subsequently accumulate in a nuclear soluble fraction prior to entry into the cytoplasm (79, 93) . When protease inhibitors are included in procedures used to isolate nuclear matrix that omit RNase treatment, the isolated nuclear matrix contains RNA as the second most abundant component (reviewed in reference 90). Other macromolecules from the nuclear matrix include structural proteins such as the lamins, residual nucleoli, residual elements of the nuclear envelope, and nuclear domains such as PML NB and Cajal bodies (90) (91) (92) . The proteomic analysis of RCf has revealed the presence of nuclear matrix proteins associated with RC, such as nuclear lamins B1, B2, and A/C (unpublished data). Other molecules that could facilitate the formation of a meshwork in which RC activities and protein/nucleic acid interactions would be fulfilled include PML and the viral early protein E4Orf3. Previous reports have shown that PML IV can assemble in cage-like structures (94, 95) . In the case of E4Orf3, this early protein can oligomerize in linear and branched chains that further form a polymer network that has been described to partition the nuclear volume (96) . It will be interesting to determine whether these and other viral and cellular proteins participate in the formation and maintenance of the structural integrity and functions of RC.
Nucleolin is relocalized to RC in adenovirus-infected cells. During adenovirus infection, nuclear domains are extensively reorganized. One prominent example is the reorganization of nucleoli, with major effects on the biogenesis of rRNA and relocalization of nucleolar proteins. For example, the principal nucleolar component, nucleolin, is relocalized from the nucleus to the cytoplasm in the presence of the viral late protein pV (71); the phosphoproteins B23.1 and B23.2 interact with viral E2 proteins and basic core proteins pV and pVII, promoting efficient DNA replication (45, 97, 98) ; and accumulation of rRNA in the cytoplasm is impaired during adenovirus infection (99, 100) . Analyses of the effect of ActD versus viral infection on the proteomic composition of nucleoli have shown no correlation, since inhibiting replication and transcription with ActD treatment induced changes in more than 30% of the nucleolar proteins, while Ad infection showed an effect in only 7% of these proteins (46, 101) . These results suggest that the effect of Ad infection on the nucleolar proteome is specific to the infection and not due to a more general effect of nonspecific cellular stress.
Here, we have demonstrated for the first time that nucleolin is relocalized to specific compartments of adenoviral RC. Significantly, nucleolin localized to the periphery of these viral sites in a dynamic spatiotemporal reorganization. The localization of nucleolin initially differed from that of DBP (Fig. 1C, D , and E), but as the late phase progressed (by 36 hpi), both proteins colocalized in a few defined dots around RC. The periphery of RC is the zone where viral DNA replication and gene expression take place (39, 41, 43, 75, 77, 78, 102, 103) ; hence, the localization of nucleolin at the periphery of RC particles, which likely corresponds to the PRZ, suggests this nucleolar protein could participate in adenoviral genome replication or expression. In cytomegalovirus-infected cells, nucleolin interacts with viral DNA replication factors UL44 and UL84 at the periphery of viral replication compartments, maintaining the architecture of these viral sites and promoting efficient viral DNA synthesis, expression of viral late genes, and virus production (104) (105) (106) . Other proteins from RNA or DNA viruses have been shown to target nucleolar proteins to subserve viral transcription, translation, and regulation of the cell cycle to promote viral replication (28, 101, 104, 107) . In the case of adenovirus, the role of nucleoli during the replication cycle is incompletely understood, and it should be interesting to investigate whether the relocalization of nucleolin to specific subcompartments of the adenoviral RC is required to modulate specific activities associated with viral DNA replication and gene expression or, as it does in the nucleolus, to provide structural integrity to RC. Our experiments have revealed an additional unprecedented finding, as slower-and faster-migrating bands that closely match proteolytic and phosphorylated products of nucleolin were generated in Ad-infected cells (Fig. 2A) . Nucleolin is a phosphoprotein with self-cleavage properties, and its fragmentation usually has been observed during extraction procedures, indicating that its association with nuclear molecules, such as DNA, RNA, or the nuclear matrix, promotes the protein's stability (108) . Additionally, the self-cleavage activity of nucleolin correlates with its phosphorylation and with cell cycle regulation (108, 109) . In our experiments the faster-and slower-migrating bands detected with the anti-nucleolin antibody were more abundant in RCf than Npl or other subcellular fractions ( Fig. 2A, RCf) , suggesting Ad infection mimics the conditions in the cell that induce modification and processing of nucleolin. Furthermore, nucleolin also was detected in its intact form, as the expected 102-kDa band was more abundant than the modified products, indicating that the various forms of nucleolin become associated with RCf during infection. It is unlikely that the fractionation procedure accounts for the generation of the proteolytic (or posttranslationally modified) products, since both RCf and nucleoli were isolated using the same procedure, and these bands were almost undetectable in the nucleolar fraction from mock-infected cells ( Fig. 2A, MK Nlo) . In addition, the procedure to obtain other subcellular fractions, such as CYT, NL, or TL, did not result in the generation of faster-and slower-migrating bands for nucleolin. These data suggest that Ad infection induces the proteolysis of nucleolin and that the proteolytic products are enriched in RCf. Since the isolated particles resemble the morphology of RC in Ad-infected cells ( Fig. 1D and E) , this strategy should allow the determination of the impact of the posttranslational modifications and relocalization of nucleolin in Ad-infected cells.
As described in the introduction, several other factors that participate in the cellular response to infection are relocalized to adenoviral RC. Some of them include components of the DNA damage response, such as Mre11, ATM, or ATR (24, 26) ; the tumor suppressor, p53 (23, 110) ; and STAT1, a key activator of the innate immune response (22) (Fig. 9) . Hence, it will be interesting to study the role these cellular proteins play in the activities of RC once they are coopted to these virus-induced sites.
Differential synthesis and splicing of viral late mRNA species associated with RC. The complexity of the adenoviral replication cycle involves a gene expression program with multiple levels of regulation, from sequential regulation of transcription to the selective export and translation of viral late mRNA, that result in the progressive increase of viral late gene products (reviewed in reference 111). Such increases in the expression of viral late genes depends on the accumulation of replicated viral genomes and the presence of a number of cellular and viral proteins. Many features of the biogenesis of major late (ML) mRNA have been studied in detail (111) . Using a fractionation scheme that relied on the stepwise extraction of RNA with different salt concentrations, ionic and nonionic detergents, and DNase I, Leppard and Shenk determined that viral late mRNA were synthesized in a nuclear matrixassociated fraction and then were transported to a nuclear soluble fraction before reaching the nuclear membrane and finally a cytoplasmic fraction (79) . Interestingly, our experiments have shown a similar pattern of mRNA partitioning between subnuclear compartments and the cytoplasm. However, simultaneous analysis at different times postinfection of the rate of synthesis of ML premRNA, the ratio of spliced to unspliced RNA, partitioning of different ML RNA between the nucleus and cytoplasm, and partitioning between RCf and Npl have not been reported. Therefore, the analysis performed here at different times postinfection, of spliced and unspliced species of all ML and that of L5 mRNA, revealed that although, as expected, all nuclear pre-mRNA increased as the late phase of infection progressed (Fig. 6A and B) , the efficiency of the cytoplasmic accumulation of the L5 mRNA was significantly higher than that of the rest of all ML RNA combined ( Fig. 6C and D and 9) . Interestingly, the partitioning of the spliced versus unspliced L5 mRNA between RCf and Npl also was different from that for ML. The pattern of accumulation of L5 RNA indicated that it is efficiently and completely spliced in association with RC, and that its transit from RCf to cytoplasm also is more efficient than that of the rest of the ML mRNA ( Fig. 6 and 7) . The L5 pre-mRNA and mRNA displayed temporal patterns of splicing and release from RCf to Npl different from those of all other ML mRNA, and these findings suggest that each viral late RNA family is subject to different regulatory events during their biogenesis associated with RC (Fig. 9) . Alternatively, it also is possible that the production of the L5 mRNA has unique features among the viral late mRNA, and that the splicing of the ancillary x and y exons may be biologically significant, as it has been suggested to determine the virus host range (112) . Although it has been known for some time that as the late phase of viral replication progresses the splicing of longer introns of the MLTU increases, the large difference in the efficiency of splicing and export of L5 mRNA compared with that of the rest of the ML mRNA observed in these experiments had not been reported. The RNA-Seq analysis of viral late mRNA in RCf indicates that the production of the different species of fiber mRNA is established at adenovirus RC. These findings are in agreement with previous reports that have shown both introns and exons from the MLTU are present in PRZ and in IG, suggesting that splicing occurs in both compartments (31, 32, 37, 38, 41, 42, 74, 77, 78, 88, 102, 113) . However, the data presented here suggest either that IG are coisolated in the RCf or that all IG components required for complete splicing of viral late mRNA are coopted to adenovirus RC (Fig. 9 ).
FIG 9
Scheme of adenovirus replication compartments (RC), indicating assembly and compartmentalization during the early and late phases of infection. PML nuclear bodies (PML NB), Cajal bodies (CB), and interchromatin granules (IG), which play important roles during RC formation and activities, are shown in blue, purple, and turquoise, respectively. The nucleolus is shown in red. Upon entry into the infected cell nucleus, the viral DNA is localized adjacent to PML NB. During the early phase, the viral proteins E1A and E4Orf3 induce the reorganization of PML NB into track-like structures. Viral proteins, nucleolin, and other nuclear components are relocalized adjacent to PML tracks, inducing the formation of viral RC. RC are compartmentalized, with DBP at the peripheral replicative zones (PRZ) where viral DNA replication and transcription take place. Nucleolin initially is localized to a compartment different from that of DBP, but as the late phase progresses, DBP and nucleolin colocalize. IG components are reorganized adjacent to DBP, allowing the association of splicing activity with RC. As the replication cycle progresses to the late phase, IG components form clusters at the periphery of DBP, viral late transcription increases, and L5 mRNA are more efficiently spliced and accumulated in the cytoplasm than all other ML mRNA.
Quantitative analyses of the proteomic composition and further transcriptomic analyses of RCf are under way and will help to identify viral and cellular proteins and nucleic acids that associate with or are processed in these structures, and they should provide detailed insights into the viral replication cycle and virus-cell interactions. We thank Haydée Hernández for invaluable assistance with superresolution reconstructions and DGTIC-UNAM for generous computing time on the Miztli Supercomputer (SC15-1-IR-89). 
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